Summary.
Argininosuccinate synthetase (ASS) and nitric oxide synthase (NOS) comprise part of the cyclic metabolic pathway to produce nitric oxide (NO). ASS is one of the arginine synthesis enzymes which synthesizes argininosuccinate from aspartate and citrulline, and NOS forms NO and citrulline from arginine. This study examines the localization of ASS and NOS in the cat hypothalamus using nicotinamide adenine dinucleotide phosphate-diaphorase (NADPH-d) histochemistry and immunohistochemistry against ASS and NOS. NADPH-d positive and/or ASS-immunoreactive neurons were localized in the following areas: the anterior hypothalamic area, the anterior hypothalamic nucleus, the supraoptic nucleus, the suprachiasmatic nucleus, the periventricular complex, the paraventricular nucleus, the parvocellular nucleus, the lateral hypothalamic area, the dorsomedial hypothalamic nucleus, the dorsal hypothalamic area, the posterior hypothalamic area, and the supramammillary nucleus. NOS and ASS double-labeled neurons were found in the anterior hypothalamic area, the supraoptic nucleus, the central part of the paraventricular nucleus of the hypothalamus, the lateral hypothalamic area, ventral part of the parvocellular hypothalamic nucleus, the posterior hypothalamic area, and the supramammillary nucleus. Double-labeled neurons in the hypothalamus comprised 20.7-32.0% of ASSimmunoreactive neurons and 10.2-26.3% of NOS-immunoreactive neurons.
The results suggest the existence of the `NO cycle' in situ and the physiological importance of NO and argininosuccinate in several regions of the cat hypothalamus.
Nitric oxide (NO) is produced by nitric oxide synthase (NOS) from arginine with the stoichiometric production of cirtulline, which requires calmodulin (PALMER and MONCADA, 1989; BREDT and SNYDER, 1990) . Citrulline is converted into arginine through the arginine-citrulline cycle (HECKER et al., 1990; MITCHELL et al., 1990; HATTORI et al., 1994) . Citrulline is condensed with aspartate by argininosuccinate synthetase (ASS) to form argininosuccinate.
Argininosuccinate is then cleaved by argininosuccinate lyase (ASL) to yield fumarate and arginine (RATNER et al., 1960) . Thus, citrulline is recycled to arginine by the action of ASS and ASL, resulting in NOS, ASS and ASL comprising a cyclic metabolic pathway to produce NO.
Nitric oxide has several physiological functions in the brain. In the hypothalamus, NO has been reported to modulate the release of hormones such as noradrenalin, dopamine, corticotropin-releasing hormone, luteining hormone-releasing hormone, vasopressin, and oxytocin (KARANTH et al., 1993; RETTORI et al., 1993; RABER and BLOOM, 1994; SEILICOvICH et al., 1995a, b) . It has also been reported that NO may modulate drinking, eating, sexual behaviors, thermoregulation and osmoregulation (CALAPAI et al., 1992; MONDA et al., 1994; VILLAR et al., 1994; BENELLI et al., 1995; DE LLUCA et al., 1995; MORLEY et al., 1996) . These data suggest that NO plays complex and diverse roles in hypothalamic activities. TASHIRO et al. (1985) previously reported that elec- trical stimulation of the anterior hypothalamic nucleus in the cat induced emotional behaviors including threat, restlessness and aggression. Several recent reports suggest a relationship between aggressive behavior and some hypothalamic regions (FERRIS et al., 1997; OLAZABAL and FERREIRA, 1997; SIEGEL and SHAIKH, 1997) . Interestingly, NELSON et al. (1995) reported an increase in aggressive behavior in male mice with a targeted disruption of neuronal NOS. Because the co-localization of ASS and NOS may greatly facilitate NO production, it is of interest to examine whether ASS and NOS are co-localized in the hypothalamus.
In a prior study, NAKAMURA et al. (1991a) have demonstrated the distribution of ASS-immunoreactive neurons in the rat brain including the hypothalamus. On the other hand, localization of NOS was reported in the rat brain (VINCENT and KIMURA,1992) using nicotinamide adenine dinucleotide phosphatediaphorase (NADPH-d) activity, a reliable marker for neuronal NOS (DAWSON et al.,1991; HOPE et al., 1991) . Recently, the distribution of NOS-immunoreactive neurons was also demonstrated in the rat hypothalamus (TORRES et al., 1993; VILLAR et al., 1994; YAMADA et al., 1996) . In the cat brain, localization of NADPH-d active neurons was reported by MIZUKAWA et al. (1989) . However, a detailed distribution of ASS-immunoreactivity and NADPH-d activity in the cat hypothalamus has not been reported. Co-localization of ASSimmunoreactivity and NADPH-d activity was reported only in the rat brain (ARNT-RAMOS et al., 1992) . This study made use of two specific antibodies to investigate the co-localization of ASS and NOS by double-labeling immunohistochemistry, a far more reliable method than the double staining of ASSimmunoreactivity and NADPH-d activity, in another species regularly used in physiological study.
MATERIALS AND METHODS

Animals
Eight adult male cats, weighing 2.5-3.5 kg, were used in this study. Four cats were used for NADPH-d histochemistry and ASS immunohistochemistry, and the other four for double-labeling immunohistochemistry of ASS and NOS.
Tissue preparations
Under deep anesthesia with sodium pentobarbital (70 mg/kg i.p.), the animals wer perfused through the aorta with 2000 ml of cold sodium phoshate-buffered saline (PBS) (pH 7.4) followed immediately by 2000 ml of a fixative containing 4% paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 7.4), and then by 500 ml 10% sucrose in 0.1 M PB. It took about 3 h for the perfusion procedure. The brain was blocked and removed from the skull, and placed in 30% sucrose in 0.1 M PB at 4 t for 5 days. The blocks were cut into 50 jum coronal sections on a freezing microtome and collected in 0.02 M potassium phosphate-buffered saline (KPBS) (pH 7.4). Series of three consecutive sections were used for NADPH-d histochemistry, ASS immunohistochemisty, and Nissl staining. In the double-labeling immunohistochemistry of ASS and NOS, every fifth section was used.
NADPH-d histochemistry
The sections were incubated in a KPBS solution containing 0.3% Triton X-100, 0.025% /3-NADPH (Sigma, St. Louis, MO), and 0.025% nitro blue tetrazolium (Sigma) at room temperature for 2 h. The sections were rinsed in KPBS, mounted on gelatinized slides, cleared in xylene and coverslipped with Permount (Fisher Scientific, Pittsburgh, PA).
ASS immunohistochemistry
The antiserum used for the rat liver ASS was prepared by immunization of rabbits with the purified enzyme in Freund's adjuvant (SAHEKI et al., 1977) , and has been characterized previously (NAKAMURA et al., 1991a) . For immunohistochemistry, the sections were rinsed three times in KPBS and treated with 0.3% hydrogen peroxide in KPBS at 4t overnight to reduce endogenous peroxidase activity. After a rinse in KPBS, the sections were incubated with 0.1% bovine albumin in KPBS at 4t overnight to avoid non-specific immunoreactivity.
They were then incubated with the ASS antibody at a dilution of 1: 1000 in KPBS containing 0.3% Triton X-100, 0.3 bovine serum albumin, 1% normal goat serum, and 0.2% sodium azide for 5 days at 4t. After rinsing three times for 10 min in KPBS, the sections were incubated in biotinylated goat anti-rabbit IgG (Vector Labs, Burlingame, CA) at a dilution of 1:500 in KPBS containing 0.3% Triton X-100, 0.3% bovine serum albumin, 1 % normal goat serum and 0.2% sodium azide at 4t overnight. They were then washed and incubated in 1% avidine-biotinylated horseradish peroxidase complex (ABC Elite-kit, Vector Labs, Burlingame, CA) in KPBS containing 0.3% bovine serum albumin for 2 h. The sections were washed in KPBS, rinsed in 0.1 M acetate buffer (pH 6.0) three times for 15 min, and incubated in a NOS and ASS in Cat Hypothalamus 479 reaction solution containing 0.05% 3,3'-diamidinobenzidine tetrahydrochloride (DAB), 2.5% nickel ammonium sulfate, 0.25% f3-D-glucose, 0.04% ammonium chloride, and 6 units of glucose oxidase (Toyobo, Tokyo) in 100 ml of 0.1 M acetate buffer (pH 6.0) for 2-4 h at 4t They were finally washed, mounted on gelatinized slides, dried, cleared with xylene, and coverslipped with Canada balsam.
Double-labeling immunohistochemistry of ASS and NOS
The sections were soaked with 0.1% bovine albumin in KPBS at 4t overnight, and then incubated with the rabbit antibody to ASS at a dilution of 1:1000 in KPBS containing 0.3% Triton X-100, 0.3% bovine serum albumin, 1% normal goat serum, and 0.2 sodium azide for 5 days at 4t. After rinsing three times for 10 min in KPBS, the sections were incubated in FITC-conjugated affinity purified goat antirabbit IgG (Vector Labs, Burlingame, CA) at a dilution of 1: 200 in KPBS overnight at 4t and were then washed in KPBS three times for 10 min. Thereafter, for double-labeling immunohistochemistry, the sections were incubated in sheep antitserum raised against rat brain NOS (HERBISON et al., 1996) at a dilution of 1: 5000 in KPBS containing 0.3% Triton x-100, 0.3% bovine serum albumin, 1% normal goat serum, and 0.2% sodium azide for 5 days at 4 t . After rinsing three times for 10 min in KPBS, the sections were incubated in biotinylated rabbit anti-sheep IgG (Vector Labs) at a dilution of 1: 200 in KPBS overnight at 4t and were then washed in KPBS three times for 10 min. They were then incubated in Texas Red-streptavidin (Vector Labs) at a dilution of 1: 200 in KPBS overnight at 4t . The sections were washed in KPBS three times for 10 min, mounted on gelatinized slides and covered with Vectashield (Vector Labs).
Data analysis Schematic drawings
We observed Nissl staining sections under a light microscope to analyse the hypothalamic structure and to distinguish the boundary of each region of the hypothalamus. The nomenclature of each region and stereotaxic planes were adapted to the atlas by BERMAN and JONES (1982) . Because there were no differences in the distribution pattern of four animals in NADPH-d histochemistry and ASS immunohistochemistry, we observed representative sections from one animal to draw maps of the hypothalamus with semiquantitative analysis of the number of the neurons ( Fig. 1 ) under a light microscope equipped with camera lucida.
Confocal laser scanning microscopy
For observation of double-labeled preparations, we used the dual wavelength configuration of the LSM-GB 200 confocal laser scanning microscope (Olympus, Tokyo). This configuration uses a 488 nm excitation wavelength to detect FITC-emitted fluorescence as green, and a 568 nm excitation wavelength to detect Texas Red-emitted fluorescence as red. We carefully verified in advance that no detectable cross talk signals of the other fluorescence dye were recognized in each experiment. Serial optical sections at intervals of 1.5 pm were projected on a single plane extending for 10-20 ,u m in thickness (volume projection method). Green and red images acquired simultaneously were either presented separately or as a superimposed image to reveal the distribution of double-labeled neurons that appeared yellow. Occasionally, some yellow images were obtained by the overlap of ASS single-immunopositive (green) and NOS single-immunopositive (red) neurons. We confirmed the overlapping by the observation of serial optical sections.
Measurements of neurons
In NADPH-d histochemistry, ASS immunohistochemistry and double-labeling immunohistochemistry of ASS and NOS, the long axis of neuronal profiles with NADPH-d activity, ASS-immunoreactivity and NOSimmunoreactivity were measured in every fifth section of each region of the unilateral hypothalamus from all eight animals under the light microscope and conf ocal laser scanning microscope. As in the doublelabeling immunohistochemistry of ASS and NOS observed with laser scanning microscope, fragments of neurons were occasionally obtained. Neurons with visible full nuclei were included in the measurements, and the fragments of cells were excluded. Also, as in NADPH-d histochemistry and ASS immunohistochemistry visualized with nickel enhanced DAB, the nuclei were not visible clearly, so that neurons with visible full somal volume were included in the measurements, and the fragments of cells were excluded. For the description of the neuron size, we used the terms "small" when the long axis of neuron was less than 10 ,um, "medium" when the long axis was 11-30 ji m, and "large" when it was over 31 p m.
Counting of double-labeled neurons
For calculations of the double-labeled neurons in the double-labeling immunohistochemistry of ASS and NOS, the number of neuronal profiles with ASS-immunoreactivity, NOS-immunoreactivity and ASS/ NOS double-labeling was counted separately in every third section of each region of the unilateral hypothalamus from four animals under the conf ocal laser scanning microscope. In the counting of double-labeled neurons, only neuronal profiles completely doublelabeled were included in the counts, while the images obtained by the overlapping neurons were excluded. The ratio of double-labeled neurons to ASS-immunoreactive neurons or NOS-immunoreactive neurons were expressed as mean+standard deviations (S.D.) ( Table 2 ).
Preparation of photos and figures
We prepared the photos and figures of the ASS-immunoreactive and NADPH-d positive images with a digital camera and printer system. For photographing, we obtained digital images using a FUJIX HC 2000 (Fuji, Tokyo) equipped with a Nikon Optiphoto (Nikon, Tokyo). The digital images were assembled and labeled without processing, and were printed with Fuji Pictrography 3000 (Fuji). To prepare confocal laser scanning microscope photos and figures, simultaneously acquired FITC and Texas Red fluorescent images were superimposed and printed with Fuji Pictrography 3000 (Fuji).
RESULTS
In the ASS and NOS immunohistochemistry, when the primary antibody, the secondary antibody, or tertiary reagents from the protocol were removed, there were no immunohistochemical labelings of the tissue.
In the anterior hypothalamic area, medium-sized, bipolar and triangular or oval-shaped neurons were NADPH-d positive (Figs. 1A, B, 2A) . Neurons with similar size and shape were also ASS-immunoreactive (Fig. 2B) . We found NADPH-d positive and ASS-immunoreactive fibers in this region as well. Double-labeled neurons were found here (Fig. 6A) . These neurons were medium-sized and oval in shape. Double-labeled neurons represented 30.4 + 7.6% of the ASS-immunoreactive neurons and 19.0±2.2% of the NOS-immunoreactive neurons. In the anterior hypothalamic nucleus, small to medium-sized, oval-shaped neurons were NADPH-d positive and weakly ASS-immunoreactive (Figs. 1D,  2C, D) . We could not recognize any double-labeled neurons here. ASS-immunoreactive and NADPH-d positive fibers were found in the region between the ventral part of the nucleus and the anterior part of the paraventricular nucleus of the hypothalamus (Fig.  2E. F) .
In the paraventricular nucleus of the hypothalamus, a large number of medium to large-sized multipolar neurons were NADPH-d positive (Fig. 3A) . Also, a number of multipolar neurons with 3-5 cell processes were NADPH-d positive (Fig. 3A) . NADPH-d positive and ASS-immunoreactive neurons were differentially distributed here: NADPH-d positive neurons were localized in the lateral part of the nucleus, whereas ASS-immunoreactive neurons were localized in the medial part. Double-labeled neurons were localized in the transitional zone at the boundary between the medial and the lateral part of the nucleus (Fig. 6B ). They were medium-sized and triangular or oval in shape, and comprised 22.6±6.1% of the ASS-immunoreactive neurons and 26.3±3.8% of the NOS-immunoreactive neurons. Fig. 1 A few NADPH-d positive neurons were found in the ventral part of the parvocellular hypothalamic nucleus (Fig. 1F) . The neurons were small to mediumsized, oval and triangular in shape, and had very short processes (Fig. 3C) . A number of neurons were also ASS-immunoreactive throughout the nucleus, their size and shape being similar to the NADPH-d positive neurons (Fig. 3D) . Double-labeled neurons were localized in the ventral part of the distribution of ASS-immunoreactive neurons and in the dorsal part of that of the NOS-immunoreactive neurons. These comprised 32.0+4.9% of the ASS-immunoreactive neurons and 15.0+3.0% of the NOS-immunoreactive neurons.
In the supraoptic nucleus, many neurons were NADPH-d positive in its caudal part located lateral to the optic tract, whereas in the rostral part of its dorsal neurons were only weakly NADPH-d positive (Figs. 1D, 4A ). Several ASS-immunoreactive neurons were observed mostly in the rostral region dorsal to the optic tract (Fig. 1D ). They were small-sized and oval in shape (Fig. 4B) . Double-labeled neurons were found in the rostral region dorsal to the optic tract, and were also small-sized and oval in shape. They represented 23.5+5.2% of the ASS-immunoreactive neurons and 17.5+3.6% of the NOS-immunoreactive neurons.
In the suprachiasmatic nucleus, small to medium- Similar neurons were also found to be ASS-immunoreactive; however, we could not detect any doublelabeled neurons in this region.
In the rostral and middle region of the lateral hypothalamic area, medium to large-sized multipolar neurons with 3-5 long processes were strongly NADPH-d positive (Figs. 1C-H, 4C ). ASS-immunoreactive neurons in this region were medium to largesized, bipolar and multipolar cells (Fig. 4D) . In the caudal region of the lateral hypothalamic area, a few small neurons were NADPH-d positive and ASSimmunoreactive. Double-labeled neurons were found in the rostral and middle region of the area. They were medium-sized, bipolar and multipolar in shape, and occupied 29.1 + 8.7% of the ASS-immunoreactive neurons and 10.2±2.8% of the NOS-immunoreactive neurons. Many NADPH-positive fibers were observed between this region and the dorsal hypothalamic area. Table 1 In the posterior hypothalamic area, many mediumsized, oval and triangular neurons were NADPH-d positive (Fig. 4E) . Similar neurons were also ASSimmunoreactive (Fig. 4F) . Double-labeled neurons for ASS and NOS were medium-sized and triangular in shape, comprising 24.9 + 9.4% of the ASS-immunoreactive neurons and 15.9+2.7% of the NOS-immunoreactive neurons (Fig. 6C) .
In the dorsal hypothalamic area, medium-sized, bipolar and multipolar neurons were NADPH-d positive and ASS-immunoreactive, and were localized mainly in the posterior part (Fig. 1D-H) . No doublelabeled neurons were detected in this area. Neither NADPH-d positive nor ASS-immunoreactive neurons appeared in the ventromedial nucleus. Faint NADPH-d positive fibers were seen in the central part of the nucleus.
In the dorsomedial hypothalamic nucleus, NADPH-d positive neurons were small-sized and oval in shape, and located in the lateral part of the nucleus (Figs.  1F, 5A ), whereas in the medial part of the nucleus, small-sized, oval and bipolar neurons were ASS-immunoreactive (Figs. 1F, 5B) . The medio-lateral segregation of NADPH-d positive and ASS-immunoreactive neurons was the same as that seen in the paraventricular nucleus of the hypothalamus. We did not detect any double-labeled neurons in this nucleus.
In the supramammillary nucleus, many medium to large, bipolar and multipolar neurons were NADPHd positive and ASS-immunoreactive.
NADPH-d positive neurons were mainly localized in the ventral region of the nucleus, whereas ASS-immunoreactive neurons were scattered throughout the nucleus. NADPH-d positive fibers were sparse, whereas many ASS-immunoreactive fibers were found within the nucleus (Figs. 1H, 5C, D) . Many medium to largesized, spindle-shaped double-labeled neurons were frequently found in the region dorsolateral to the mammillary body (Fig. 6D) 
ASS immunohistochemistry
Our study used a rabbit antibody raised against purified rat liver ASS. This antiserum for ASS detected a 45 kDa protein as a single band in Western blot analysis of rat liver homogenate (NAKAMURA et al., 1991a) , which fits the molecular weight of the ASS subunit mass. The nucleotide sequences of the cDNA encoding the ASS of the mouse, rat, bovine and human were almost identical (BocK et al., 1983; SURH et al., 1988 SURH et al., , 1991 DENNIS et al., 1989; KOBAYASHI et al., 1990) . Therefore it seems reasonable to consider that ASS has an almost identical structure amongst mammalian species, and thus our antibody against rat liver ASS detected cat brain ASS.
We have confirmed ASS-immunoreactive neurons in many regions of the hypothalamus (Table 1) . In a study of the rat (ARNT-RAMOS et al., 1992) . ASSimmunoreactive neurons were detected in the anterior hypothalamic area, the lateral hypothalamic area, and the supramammilaly 'nucleus. We confirmed ASS-immunoreactive neurons in these areas in the cat hypothalamus.
Further, we found ASS-immunoreactive neurons in more regions compared with results in the rat (ARNT-RAMOS et al., 1992) : the paraventricular nucleus of the hypothalamus, the parvocellular hypothalamic nucleus, the supraoptic nucleus, the suprachiasmatic nucleus, the dorsal hypothalamic area, the dorsomedial hypothalamic nucleus and the posterior hypothalamic area. There are some possibilities to explain this discrepancy, one is the technical difference. We used an antibody raised against rat liver ASS, but ARNT-RAMOS et al. used an antibody raised against human brain ASS. Another possibility is the species difference.
Most of the ASS-immunoreactive neurons we observed in this study were small to medium in size and had short processes, so that they seem to be interneurons as suggested by NAKAMURA et al. (1991a) . Moreover, we have also recognized that in the paraventricular nucleus of the hypotalamus, ASS-immunoreactive neurons were distributed in the medial part, the neurons of which may act as relay or interneuronal pool, since axons of the smaller medial cells terminate on dendrites of the larger lateral cells ( VAN DEN POL, 1982) . Thus, ASS-immunoreactive neurons may be interneurons in the cat hypothalamus.
NADPH-d histochemistry
In this study we observed NADPH-d positive neurons in many regions of the cat hypothalamus (Table 1) . MIZUKAWA et al. (1989) have detected NADPH-d positive neurons in the anterior hypothalamic area, the supraoptic nucleus, paraventricular hypothalamic nucleus, the lateral hypothalamic area, the dorsal hypothalamic area and the posterior hypothalamic area of the cat. We confirmed NADPH-d positive neurons in these areas. Further, we found NADPH-d positive neurons in the dorsomedial hypothalamic nucleus and the supramammillary nucleus. In a study of the rat (VINCENT and KIMURA, 1992; YAMADA et al., 1996) , NADPH-d positive/NOS-immunoreactive neurons were detected in the anterior hypothalamic area, the supraoptic nucleus, paraventricular hypothalamic nucleus, the lateral hypothalamic area, the ventrolateral region of the ventromedial nucleus, the dorsal hypothalamic area, the dorsomedial hypothalamic nucleus, the posterior hypothalamic area and the supramammillary nuclues. Compared with these results from the rat, one difference in our study was that NADPH-d positive neurons in the ventrolateral region of the ventromedial nucleus were not recognized.
Mediolateral differences in the paraventricular and dorsomedial nuclei
In the lateral part of the PVN/DMH complex' (paraventricular nucleus/dorsomedial hypothalamic nucleus) (KALSBEEK et al., 1992) , we confirmed the localization of NADPH-d positive neurons (AREvALO et al., 1992; CALKA and BLOCK, 1993; MIYAGAWA et al., 1994; MURAKAMI,1994; SIAUD et al., 1994 YAMADA et al., 1996 . On the other hand, we found ASSimmunoreactive neurons in the medial part of PVN/ DMH complex'. The medial part of paraventricular nucleus was characterized by the presence of a large number of neurons containing releasing factors and releasing inhibitory factors modulating the secretion of prolactine, growth hormone, luteinizing hormone, follicle stimulating hormone, thyroid stimulating hormone and adrenocorticotropic hormone (BJoRK-LUND,1987; LUITEN et al., 1987) . VAN DEN P0L et al. (1990) indicated that the neurons in the PVN respond to glutamate, quisqualate, kinate with a consistent increase in intracellular calcium, but not to N-methyl-D-aspartate (NMDA). Argininosuccinate, the product of ASS, is suggested to play a neuromodulational function by decreasing glutamate and quisqualate responses but to have no effect in the kinate and NMDA receptors (NAKAMURA et al., 1991b) . From this point of view, we hypothesize that argininosuccinate may modulate the neuronal functions in the medial part of the PVN/DMH complex' via regulation of glutamate receptors. Further, NO may increase inhibitory postsynaptic potentials by activating GABAergic neurons modulating the neuroendocrine function in PVN (BAINS and FERGUSON,1997a) . It is also reported that NO depolarizes neurons in the medial regions of PVN in which ASS exsis abundantly, through a mechanism that is dependent upon activation of cGMP (BAINS and FERGUSON, 1997b) . Thus, the distribution pattern of ASS/NOS-immunoreactive neurons in PVN in our study suggests that argininosuccinate and NO may modulate the neuroendocrine functions through the glutamate/GABA system. 
Co-localization of ASS and NOS
For the double-labeling study we used double immunohistochemistry using two specific antibodies, a more reliable method than the double staining of ASS immunohistochemistry and NADPH-d histochemistry. We were able to observe fluorescence using confocal laser scanning microscopy. The distribution of NADPH-d positive neurons was in good agreement with that of NOS-immunoreactive neurons. We are first to describe double-labeled neurons in the anterior hypothalamic area, the supraoptic nucleus, central part of the paraventricular nucleus of the hypothalamus, the lateral hypothalamic area, the ventral part of the parvocellular hypothalamic nucleus, the posterior hypothalamic area, and the supramammillary nucleus in the cat hypothalamus ( Table 2 ). The double-labeled neurons were 20.7±3.4-32.0±4.9%
of the ASS-immunoreactive neurons and 10.2 + 2.8-26.3 ± 3.8% of the NOS-immunoreactive neurons. There were more regions with double-labeled neurons in our study than reported in the rat hypothalamus (ARNT-RAMOs et al., 1992) . This may be due to the technical differences; we used double-labeling immunohistochemistry of ASS and NOS, while ASS immunohistochemistry and NADPH-d histochemistry were employed in the study of the rat brain (ARNT-RAMOS et al., 1992) , although species difference could not be ignored.
The co-localization of ASS and NOS suggests the existence of a cyclic pathway to produce NO (Fig. 7) . This cycle is composed of NOS, ASS, and ASL, and could be named `NO cycle' (NAKAMURA,1997). In the brain, ASL is localized in glial cells and some neurons; that is, it is ubiquitously distributed. Thus, some regions which include double-labeled neurons may contain the `NO cycle' and be capable of recycling citrulline to arginine. On the other hand, we found many neurons which contain either ASS or NOS in the cat hypothalamus.
The neurons which contain only NOS may be provided with arginine, the precursor of NO, from the surrounding astrocytes (AOKI et al., 1991; Pow, 1994) . The citrulline which was produced by NOS neurons lacking ASS, and that may diffuse into the extracellular space without recycling to argininosuccinate in their cytosol. The neurons which contain only ASS may accumulate citrulline from the extracellular space, and the argininosuccinate which is synthesized in these neurons may diffuse into this space.
Several recent reports have indicated the physiological roles of NO in the regions which contain double-labeled neurons. LUPI et al. (1996) suggested that NO generated in the anterior hypothalamic area might be involved in the signal transduction pathway in the suprachiasmatic nucleus. The lateral hypothalamic area, which provides NOergic innervation to the paraventricular thalamic nucleus, may be implicated in food intake and addictive behavior (OTAKE and RUGGIERO, 1995) . In the posterior hypothalamus, the inhibition of NOS activity decreases systemic blood pressure (GEROVA et al., 1995) . Notably, one of the important functions mediated by these regions is aggressive behavior. Aggressive behavior has been suggested to be modulated in the regions which contain double-labeled neurons (TASHIRO et al., 1985; FERRIS et al., 1997; KOcSIS and VERTES,1997; OLAZABAL and FERREIRA,1997; SIEGEL and SHAIKH,1997) . NELSON et al. (1995) reported an increase in aggressive behavior in male mice with the targeted disruption of neuronal NOS. The detailed and precise anatomical relationships of the hypothalamic regions modulating aggresive behavior have not been elucidated, but NO generated in these hypothalamic regions may contribute much to modulate aggressive behavior.
